SUMMARY. In early 2007, H2N3 influenza virus was isolated from a duck and a chicken in two separate poultry flocks in Ohio. Since the same subtype influenza virus with hemagglutinin (H) and neuraminidase (N) genes of avian lineage was also identified in a swine herd in Missouri in 2006, the objective of this study was to characterize and compare the genetic, antigenic, and biologic properties of the avian and swine isolates. Avian isolates were low pathogenic by in vivo chicken pathogenicity testing. Sequencing and phylogenetic analyses revealed that all genes of the avian isolates were comprised of avian lineages, whereas the swine isolates contained contemporary swine internal gene segments, demonstrating that the avian H2N3 viruses were not directly derived from the swine virus. Sequence comparisons for the H and N genes demonstrated that the avian isolates were similar but not identical to the swine isolates. Accordingly, the avian and swine isolates were also antigenically related as determined by hemagglutination-inhibition (HI) and virus neutralization assays, suggesting that both avian and swine isolates originated from the same group of H2N3 avian influenza viruses. Although serological surveys using the HI assay on poultry flocks and swine herds in Ohio did not reveal further spread of H2 virus from the index flocks, surveillance is important to ensure the virus is not reintroduced to domestic swine or poultry. Contemporary H2N3 avian influenza viruses appear to be easily adaptable to unnatural hosts such as poultry and swine, raising concern regarding the potential for interspecies transmission of avian viruses to humans.
Influenza, also commonly referred to as ''flu,'' is an acute respiratory illness in poultry, swine, horses, dogs, sea mammals, and humans that is primarily caused by influenza A viruses. Avian influenza in domestic poultry may manifest as a low pathogenic or highly pathogenic disease. Clinical signs in poultry are generally mild or nonexistent when infected with a low pathogenic strain, increasing to near 100% morbidity and mortality when infected with a highly pathogenic strain. A great concern associated with an outbreak of highly pathogenic avian influenza is the negative economic impact on the poultry industry and impairment of domestic and international trade (21) . Swine influenza causes near 100% morbidity with very little mortality in pigs except when complicated with severe bronchial pneumonia. Growth and weight gain of the affected pigs are reduced, resulting in additional feeding days required to reach market weight (2) . Currently, 16 hemagglutinin (H) subtypes and nine neuraminidase (N) subtypes have been identified among influenza A viruses (1) . All subtypes have been detected in wild birds. These avian influenza viruses (AIVs) cause little to no disease in their natural hosts, with virus replication primarily occurring in the gastrointestinal tract. Poultry and swine are unnatural hosts for AIVs that originate in wild birds, and infection with wild bird AIVs in poultry and swine cause mild to severe respiratory disease (7, 23) .
Host specificity of influenza A viruses has been determined to be polygenic with particular importance placed on residues 591, 627, and 701 of the PB2 gene and the H gene product as a receptor binding protein (8, 31) . A large part of this specificity is due to the preferential binding of the virus to sialyloligosaccharides with specific linkages of N-acetylneuraminic acid to galactose (Gal) (3, 8, 30, 32) . AIVs preferentially bind a2,3Gal receptors and human viruses preferentially bind a2,6Gal receptors; although Glaser et al. (5) characterized H2 viruses with dual specificity binding to both a2,3Gal and a2,6Gal receptors. With this receptor specificity, avian viruses do not typically bind and replicate in humans and vice versa. It has been postulated that swine may be considered a ''mixing vessel'' for new lineages of influenza viruses. Swine appear to be genetically susceptible to avian and human influenza virus infection due to the presence of both a2,3Gal and a2,6Gal viral receptors on swine tracheal cells. While there appears to have been infrequent transmission of swine influenza virus (SIV) to human populations and vice versa, the maintenance of viruses in the swine population as well as the frequent introduction of novel virus subtypes (avian origin) into swine suggest that swine populations may be increasingly viewed as a potential source for a new pandemic strain of influenza (28) .
Following the identification of subtypes H1N2 and H3N2 in swine in 1999 and 1998, respectively, these subtypes were eventually identified in turkey flocks across the United States (4, 24) . Sequencing analysis performed on the swine and turkey H3N2 isolates showed greater than 97% similarity among the viruses, indicating that there was interspecies transmission as opposed to a separate reassortment or evolution event occurring in the turkey flocks. The transmission of H3N2 from swine to turkeys is reportedly the first documented transmission of influenza virus from mammals to birds, as opposed to the typical flow of infection from birds to mammals.
Between 2002 and 2005, 13 of the 16 H subtypes were identified in the United States by virus isolation or detection of specific antibodies in samples from wild birds or poultry (18) . Currently, only subtypes H1 and H3 are established in swine populations in the United States (11) . In 2006, a novel influenza subtype (H2N3) was identified in a swine herd in Missouri (12) . The H and N genes of the swine isolate were of avian origin, raising concern regarding the potential for interspecies transmission of H2 avian viruses to swine and humans. The H2 virus has been absent in the human populations since 1968; however, studies have shown that viruses similar to the human 1957 pandemic are still circulating in wild bird populations in North America (13). H2 viruses are isolated annually from poultry associated with auction premises or the live bird marketing system since 2005. Two H2N3 viruses were identified in 2007 in backyard flocks with mixed chickens and ducks in Ohio. The chronological proximity of the isolation of the same subtype in unnatural hosts in the Midwest raised questions about the origin of the H2N3 viruses and the potential for these viruses to adapt to a new host and spread to nearby flocks or herds. Although there was no direct epidemiologic link between the isolations in Missouri swine and Ohio poultry, this study was conducted to characterize and compare the biological, genetic, and antigenic properties of the avian and swine H2N3 isolates in order to determine if there were significant differences in the virus isolates from swine and poultry, and to ensure that current diagnostic methods based on antigenic homology (i.e., hemagglutination inhibition) were able to detect the viruses. In addition, serologic surveillance data were collected in Ohio to determine if there is evidence of continued circulation or spreading of the viruses in poultry and/or swine populations. Subtyping. The H and N subtypes of each virus were determined by hemagglutination inhibition (HI) and neuraminidase inhibition (NI) assays (16, 17) , respectively. The assays were performed at the NVSL with a panel of standard reference antigens and sera for H1-15 and N1-9 (NVSL, Ames, IA).
MATERIALS AND METHODS

Viruses
The HI assay was performed according to the standard operating procedure (SOP) used at the NVSL. Briefly, the viruses and reference antigens were diluted to a standard concentration of 4 hemagglutinating units in 25 ml/well. Reference sera were serially diluted twofold in the virus or antigen and incubated with each virus or antigen at ambient temperature for 30 min. Rooster or tom turkey red blood cells (0.5% v/v) were added and incubated for 15-20 minutes at ambient temperature before reading (SOP available upon request).
The NI procedure was performed as previously described (27). In brief, viruses were diluted 1:12 and mixed with an equal volume of subtype-specific standardized N antisera. Following incubation, fetuin (MP Biomedicals, Solon, OH) from fetal calf serum (12.5 mg/ml) was added to each sample and incubated for 3 hr. Periodate reagent (4.28%) (Thermo Fisher Scientific, Inc., Waltham, MA), arsenite reagent (50%) (Spectrum Chemical, Gardena, CA), and thiobarbituric acid (0.6%) (Sigma-Aldrich Corp., St. Louis, MO) were added to induce a chromatic reaction if N activity was not inhibited by N subtypespecific antibodies.
Animal studies and antiserum production. All animal studies were conducted in BSL-3 agriculture laboratory space at the NVSL. All animal care was provided as directed by the Institutional Animal Care and Use Committee of NVSL. In all studies the birds were housed with ad libitum access to feed and water.
In vivo pathogenicity studies on the avian H2N3 isolates were performed in accordance with procedures recommended by the World Organization for Animal Health-Office International des Epizooties (OIE) (29). The intravenous pathogenicity index (IVPI) was calculated as the mean of clinical scores per bird per observation over the 10-day period. EID 50 /ml]) by the intravenous route. Serum was collected from each animal after 14 days postinoculation and pooled. The presence of antibody was confirmed by the agar gel immunodiffusion (AGID) test (29) and enzyme-linked immunosorbent assay (IDEXX, Westbrook, ME).
Cross-reactivity studies. Antigenic relatedness among the H2N3 isolates was assessed by HI and virus neutralization (VN) assays. Standard HI assay (16) was performed using a panel of standard chicken sera (H1-H15), chicken serum produced against avian H2N3 (A/ chicken/OH/494832/07), and chicken serum produced against swine H2N3 (A/swine/Missouri/4296424/2006). Each virus was diluted to 4 hemagglutinating units in PBS (0.1 M, pH 7.2) and tested. HI tests were each conducted in duplicate with chicken and turkey erythrocytes and repeated once.
VN tests were performed using Madin-Darby canine kidney (MDCK) cells (American Type Culture Collection, Manassas, VA) as previously described (10), with minor modifications. In brief, the viruses were diluted to a target concentration of 100-300 TCID 50 /50 ml for the VN test. The sera were diluted 1:10 in minimum essential media with 0.3% bovine serum albumin (Equitech-Bio, Inc., Kerrville, TX), amphotericin B (250 mg/L) (Lonza Walkersville, Inc., Walkersville, MD), L-glutamine (2 mM) (Butler Animal Health Supply, Butler, OH), gentamicin (50 mg/ml) (Sigma-Aldrich Corp.), and 1:1000 tosyl phenylalanyl chloromethyl ketone-treated trypsin (Sigma-Aldrich Corp.) and then by serial twofold dilution method. Each diluted serum (50 ml) was mixed with an equal volume of virus preparation. After incubation at 37 C for 60 min, each virus-serum mixture (100 ml) was inoculated onto MDCK cell monolayer 24 hr postseeding. Cells were then incubated at 37 C with 5% CO 2 supply for 2 days. Viral infection was detected by observation of cytopathic effect and confirmed by indirect immunocytochemistry using a mouse monoclonal antibody that detects type A influenza virus nucleoproteins (Southern Biotech, Birmingham, AL). The VN titer of each serum against each virus was determined as the reciprocal of the highest dilution in which no replication was observed. VN tests were each conducted in duplicate and repeated once.
Sequencing and sequence analysis. All eight genomic RNA segments from the virus isolates were sequenced after no more than three passages in ECE. RNA was extracted with the MagMAX TM AI/ND Viral RNA Isolation Kit (Life Technologies, Inc., Carlsbad, CA) in accordance with manufacturer instructions. Individual influenza viral genes were amplified by RT-PCR as previously described (22) . The amplicons were purified directly with the QIAquick PCR Purification Kit or from agarose gels with the QIAquick Gel Extraction Kit (Qiagen, Inc., Valencia, CA). The purified PCR products were submitted to and sequenced at the Nucleic Acid Facility of the Iowa State University. Sequencing primers are available upon request.
Sequences were aligned with the Clustal W method of Lasergene (version 6.0) (DNAStar, Madison, WI). Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 4 (26) using the Neighbor-Joining tree building method, with 1000 bootstrap replicates. Analysis with all genes was done with genes from viruses that were phylogenetically representative of other lineages and included genes from viruses from all possible sources: wild birds, poultry, and mammals and from all geographical regions, including North America, Europe, and Asia (Influenza Virus Resource Database, http://www.ncbi.nlm.nih. gov/genomes/FLU/FLU.html). For each gene, separate phylogenetic groups were defined by less than 95.0% identity among the genes.
Surveillance. Statewide backyard and preslaughter poultry surveillance was conducted at the Ohio Department of Agriculture ADDL in 2007 and 2008. All specimens (n 5 81,706) were initially tested by Comparison of avian and swine H2N3 influenza viruses AGID assay (29). AGID-positive serum samples (n 5 865) were submitted to the NVSL and tested by HI and NI assays to determine the subtype of the virus.
In addition to poultry surveillance, a total of 1272 serum samples from swine herds randomly located throughout Ohio were collected between May and September 2008 and were tested at the NVSL for H2 antibody by the standard influenza HI assay (16) against A/swine/Missouri/ 4296424/2007 (H2N3). A serum control was also performed on each specimen. In brief, equal parts of serum and PBS (25 ml) were mixed and 50 ml of 0.5% red blood cells (RBCs) were added. Samples were assessed for natural serum agglutinins. Specimens that demonstrated agglutination on the serum control were subsequently treated with receptor-destroying enzyme from Vibrio cholera (Lonza Walkersville, Inc., Walkersville, MD), heat inactivated at 56 C for 30 min, and tested again for natural agglutinins. Specimens that continued to demonstrate nonspecific HA reaction were identified as no test and disregarded in the data analysis.
RESULTS
Virus characterization. The avian H2N3 viruses were determined to be a low pathogenic virus (IVPI 5 0) because no clinical signs were observed and all birds were scored as normal during the 10-day observation period.
All eight genes of the avian H2N3 viruses were sequenced and analyzed for similarity (GenBank accessions JF327327-JF327342). The amino acid homology of the viral genes between the two avian H2N3 viruses ranged from 99.6% to 100%, and the nucleotide homology ranged from 99.8% to 100%. A BLAST search revealed that H genes from both H2N3 viruses most closely matched those from a northern shoveler isolate from California in 2007 (Table 1 ). The N genes of both viruses were similar to that of a different northern shoveler isolate from California in 2007. The internal genes were highly similar to recent wild bird isolates from Ohio, Maryland, and California. Phylogenetic analyses of all eight gene segments indicated the avian H2N3 viruses belong to the North American avian lineage, which is distinct from the Eurasian lineage of H2 viruses and the human lineage of H2 viruses isolated during and after the 1957 pandemic (GenBank, http://blast.ncbi.nlm.nih. gov/Blast.cgi; Influenza Virus Resource Database, http://www.ncbi. nlm.nih.gov/genomes/FLU/FLU.html) as illustrated in Figs. 1-3 . Phylogenetic comparisons also confirmed that the H and N genes from the AIV and SIV isolates were more similar than the remaining internal gene segments.
In comparison with the recent H2N3 viruses isolated from swine (12), the nucleotide sequence identity of the H gene ranged from 95.9% to 96.4% between the avian and swine isolates and the identity of the N gene ranged from 97.9% to 98.2%. Further sequence comparisons of H genes between avian and swine H2N3 isolates demonstrated that the amino acid sequence of the H gene differed at codon 226 (H3 numbering), a key position in determining receptor binding specificity between mammals and birds (14,30). Both swine H2N3 viruses contained a leucine (L) at position 226, whereas avian H2N3 viruses contained glutamine (Q). Tables 2 and 3 show the amino acid differences in the H and N genes, respectively. The H gene of both avian and swine isolates contained glycine (G) at position 228, the second amino acid thought to be responsible for receptor binding.
Assessment of antigenic relatedness. The avian virus titers were higher when tested with the avian serum compared with the swine serum, and the swine virus titers were equal or higher when tested with the swine serum compared to the avian serum on both the HI and VN tests (Tables 4, 5 ). Both the avian and swine serum did not react with a reference H1N1 virus, and a reference H2N9 virus (A/ pintail/Alberta/293/77) had titers less than or equal to the swine and avian H2N3 viruses. The swine virus titers were higher when tested with both the avian and swine serum on the HI test. Sw/4296424 had a lower titer than all of the other viruses on the VN test.
The VN titers of the antisera against the H2N3 viruses were significantly different by Student's t-test from the HI titers (P , 0.05) using either chicken or turkey RBCs, with the exception of the avian virus-serum homologous combination. In general, antibody titer of each serum against each virus was higher when tested by the VN test than the HI assay. Assay sensitivity decreased according to the following order: VN . HI with turkey RBCs . HI with chicken RBCs.
Surveillance. The Ohio Department of Agriculture ADDL tested 36,604 poultry sera (chicken and turkey) in 2007 and 45,102 poultry sera in 2008 by the AGID test. All AGID-positive sera (n 5 865) were submitted to the NVSL for confirmation and subtyping. None of the specimens were positive for H2 antibody. The premises where the isolates were initially collected were sampled and tested by rRT-PCR and AGID following isolation of AIV and no additional AIV virus or antibody was detected on these premises.
Out of 1272 serum samples collected from swine herds in Ohio, there were five samples that demonstrated HA on serum control, so they were eliminated from the data analysis. None of the specimens (n 5 1267) were positive for antibody to H2 using A/swine/ V  V  I  47  H  Y  Y  49  T  I  T  52  I  T  T  78  T  I  I  81  A  E  E  135  A  A  T  253 H
Missouri/4296424/06 H2N3 virus as the standard antigen, indicating there has not been any infection of this subtype in swine herds across Ohio.
DISCUSSION
Molecular and phylogenetic analyses of the recent influenza viruses isolated from poultry revealed that the H2N3 viruses were similar to North American avian lineage H2 viruses, demonstrating no introduction of a Eurasian strain. All eight genomic RNA segments from these viruses were avian lineage, clearly demonstrating that the virus was derived from a wild bird H2N3. Each gene segment of the avian isolates was also compared molecularly and phylogenetically with the corresponding segment of the recent H2N3 swine isolates. The internal genes (M, PA, PB1, PB2, NP, and NS) of the swine H2N3 isolates were consistent with contemporary triple reassortant SIVs (i.e., swine-human-avian) while H and N genes were of avian lineage in origin, confirming that the H2N3 SIV is a reassortant between AIV and SIV as previously reported (12) . The observed divergence of H and N nucleotide sequence between the swine and avian H2N3 viruses (approximately 96% and 98% for H and N genes, respectively) suggests that the H and N genes of the H2N3 SIV were derived from a common predecessor of the current H2N3 AIV or was circulating undetected in swine or other susceptible species for some time after reassortment. The observation indicates separate incidences of transmission of H2N3 AIV to an unnatural host; however, there appears to be no or minimal risk for sustained transmission in these hosts as the infection on each premises was self-limiting and there was no direct evidence of transmission between premises.
Antigenically, the avian and swine isolates showed strong crossreactivity on both the HI test and the VN test. All viruses were able to be subtyped using standard avian origin antisera in the HI test. The overall antibody titers were higher when tested by the VN assay than HI assay. Considering that the antisera were collected at 14 days PI, this observation was somewhat unexpected. A few things may account for such an observation. First, it has been reported that the HI assay using chicken erythrocytes has a decreased sensitivity for antibodies to Asian H5N1 AIV from wild birds (6) . Hence, the wild bird H2N3 viruses may also have a decreased ability to bind chicken erythrocytes causing a lower HI titer, and likewise the swine viruses may have a decreased affinity for chicken erythrocytes. It appears the decreased affinity can be overcome by using turkey erythrocytes in the assay. The HI titers are more similar to the VN titers when turkey erythrocytes were used. Second, it is possible that the ratio of antibody to antigen required for HI and VN may be different. The HI in this study was conducted using live antigen. The HI can be conducted with live or inactivated antigen and targets only the H surface receptor, while the VN is conducted by mixing the antibody with live virus and evaluating blockage of virus infection or the decrease in virus growth in live cell culture. The VN assay utilizes the antibody in the serum that inhibits virus attachment to the host cell (9) . It is likely then that each assay reacts with different epitopes or proteins causing slight variations in titer. Third, the virus in each assay is diluted to a different standardized concentration, which may affect the endpoint of detection. Further studies remain to be carried out to determine if the antibodies are cross-protective in vivo.
Previous work by others (15, 19) suggests that while H2 influenza viruses are found in wild birds, their prevalence has been much less than other subtypes such as H3, H4, and H6. While determination of the current prevalence of H2N3 in wild birds must await completion of the current North American wild bird surveillance project, the nearly coincidental isolation of a novel influenza H2N3 Av/492493 5.50 6 0.29 4.50 6 0.29 0.00 6 0.00 5.50 6 0.29 7.00 6 0.00 6.00 6 0.00 0.00 6 0.00 6.00 6 0.00 Av/494832 5.50 6 0.29 4.50 6 0.29 0.00 6 0.00 5.25 6 0.25 7.00 6 0.00 6.00 6 0.00 0.00 6 0.00 5.50 6 0.29 Sw/2124514 6.50 6 0.29 6.50 6 0.29 0.00 6 0.00 7.00 6 0.00 7.75 6 0.25 8.00 6 0.00 0.00 6 0.00 8.00 6 0.00 Sw/4296424 6.00 6 0.00 5.50 6 0.29 0.00 6 0.00 5.75 6 0.48 8.00 6 0.00 8.00 6 0.00 0.00 6 0.00 5.00 6 0.00 Sw/IA/31 (H1N1) 0.00 6 0.00 0.00 6 0.00 7.50 6 0.29 0.00 6 0.00 0.00 6 0.00 0.00 6 0.00 8.00 6 0.00 0.00 6 0.00 Pintail/Alb/77 (H2N9) 4.00 6 0.00 3.00 6 0.00 0.00 6 0.00 6.50 6 0.29 5.00 6 0.00 3.50 6 0.29 0.00 6 0.00 7.50 6 0.29 Table 5 . Cross-reactivity of avian and swine H2N3 viruses as determined by SVN assay using antisera produced in chickens against A/chicken/ OH/494832/2007 or A/swine/Missouri/4296424/2006. Each serum was run in duplicate and the test was repeated once. Titers are reported in log 2 .
Virus SVN titer (mean 6 SEM in log 2 ) and antiserum subtype in swine and an avian H2N3 influenza subtype that has been only sporadically isolated from poultry suggests that there might have been a change in the H2N3 wild bird viruses that are currently circulating in the United States, which could lead to an increase in the susceptibility of unnatural hosts to the virus or in the virus's ability to adapt to such a host. Contrary to such a speculation, current observation suggests that H2N3 SIV or AIV is not an immediate threat to poultry and swine, respectively, even though additional studies should be carried out to determine the susceptibility and transmissibility of these viruses within and among species. Although the amino acid sequence of the H gene differed between the avian and swine viruses at codon 226, a key position in determining receptor binding specificity between birds and mammals (i.e., QRL substitution) (30), no changes were observed in any other amino acids of the putative receptor binding sites between the avian and swine isolates. Also, serological survey of the swine population spanning May 2008 through September 2008 did not reveal the evidence of any avian H2 infection in Ohio swine herds. There were two specimens that reacted with the swine H2N3 virus (HI titer 5 1:10), but these results are considered equivocal considering the number of specimens tested. Despite the evidence of limited transmission to domestic poultry and swine, animals raised outdoors for commercial or hobby purposes are at risk of acquiring H2N3AIV from exposure to wild birds infected with this virus. A single amino acid change may alter the host specificity and most contemporary SIVs contain polymerase genes of avian lineage or human lineage. The geospatial proximity between swine herds and poultry flocks continue to decrease due to growth of both industries. Therefore, continuous monitoring for interspecies transmission of influenza viruses or the emergence of new subtypes should be in place.
